The enzymatic activity of the peripheral membrane protein, phosphatidylinositol-specific phospholipase C (PI-PLC), is increased by nonsubstrate phospholipids with the extent of enhancement tuned by the membrane lipid composition. For Bacillus thuringiensis PI-PLC, a small amount of phosphatidylcholine (PC) activates the enzyme toward its substrate PI; above 0.5 mol fraction PC (X PC ), enzyme activity decreases substantially. To provide a molecular basis for this PC-dependent behavior, we used fluorescence correlation spectroscopy to explore enzyme binding to multicomponent lipid vesicles composed of PC and anionic phospholipids (that bind to the active site as substrate analogues) and high resolution field cycling 31 P NMR methods to estimate internal correlation times ( c ) of phospholipid headgroup motions. PI-PLC binds poorly to pure anionic phospholipid vesicles, but 0.1 X PC significantly enhances binding, increases PI-PLC activity, and slows nanosecond rotational/wobbling motions of both phospholipid headgroups, as indicated by increased c . PI-PLC activity and phospholipid c are constant between 0.1 and 0.5 X PC . Above this PC content, PI-PLC has little additional effect on the substrate analogue but further slows the PC c , a motional change that correlates with the onset of reduced enzyme activity. For PC-rich bilayers, these changes, together with the reduced order parameter and enhanced lateral diffusion of the substrate analogue in the presence of PI-PLC, imply that at high X PC , kinetic inhibition of PI-PLC results from intravesicle sequestration of the enzyme from the bulk of the substrate. Both methodologies provide a detailed view of protein-lipid interactions and can be readily adapted for other peripheral membrane proteins.
Bacterial phosphatidylinositol-specific phospholipase C (PI-PLC) 2 enzymes aid in organism infectivity (1) , whereas the structurally homologous mammalian PLC␦1 and related enzymes are required for phosphoinositide metabolism and are important for intracellular signaling (2, 3) . These peripheral membrane proteins often have distinct binding modes for substrates and for other lipids that either anchor the protein to the surface or adjust its conformation to enhance catalysis (4) . However, using traditional methods, it has been difficult to determine how lipid composition affects phospholipase binding and, conversely, how protein binding alters the lipid environment, particularly in multicomponent vesicles. Current methods for monitoring peripheral membrane protein binding to mixed component lipid vesicles, including centrifugation, gel filtration, and NMR, can provide information on bulk protein partitioning but do not usually provide insight into how the properties of the individual phospholipids change when protein is bound. Most of these methods also require protein concentrations well above the amounts used in enzyme kinetics. Therefore, even when binding to multicomponent vesicles can be measured, it has been difficult to separate how substrates (or substrate analogues) and activators interact with enzymes, such as PI-PLC, that catalyze interfacial reactions. Protein binding to lipid vesicles or cells greatly retards protein translational diffusion. For fluorescently labeled proteins, this change can easily be monitored using fluorescence correlation spectroscopy (FCS) (5) (6) (7) . FCS uses low protein concentrations (Ͻ1-50 nM), comparable with what is used in kinetic assays, and experiments can be performed in minutes. Thus, FCS allows us to screen different phospholipid compositions and to identify conditions that can be studied in detail by other techniques aimed at probing how protein binding alters the lipid environment. One such technique is high resolution field cycling 31 P NMR spectroscopy (fc-P-NMR) (8, 9) . Bacterial PI-PLCs recognize the headgroups of substrate, substrate analogue, and activator phospholipids, making 31 P NMR an obvious choice for studying protein-lipid interactions. Measurements of dipolar relaxation rates could, in principle, determine the effects of protein binding on headgroup orientation with respect to the bilayer normal as well as correlation times for different headgroup motions. However, in a typical modern spectrometer, the slow rotational diffusion time of lipid vesicles, the dominance of chemical shift anisotropy (CSA) relaxation, and a plethora of faster motions at higher fields pre-clude obtaining information on lipid structure and dynamics from relaxation rates. This limitation is avoided by fc-P-NMR spin lattice relaxation techniques that resolve the dynamics of each phospholipid component in mixed component vesicles by using the high field to separate resonances but allowing nuclei to relax at defined lower fields. To cycle the magnetic field, the sample is mechanically shuttled between the center high field region of the commercial NMR magnet's probe and a substantially lower magnetic field located above the probe before and after the delay times normally used in conventional NMR relaxation sequences (8) . Analysis of the field dependence of spin lattice relaxation rates over a wide field range (0.002-11.7 T) provides several correlation times () for each phospholipid molecule on time scales ranging from ps to s and also allows us to separate dipolar and CSA interactions (8, 9) . Of particular interest is the intermediate [5] [6] [7] [8] [9] [10] ns c that appears to be dominated by the wobbling of each phospholipid in the membrane (10) . This c provides a direct probe of lipid dynamics in these multicomponent membranes. A longer correlation time in the s range, v , provides information on how vesicle tumbling and lateral diffusion affect the phosphorus nuclei for each type of phospholipid in a mixed vesicle.
We have used FCS and fc-P-NMR to probe the interactions of Bacillus thuringiensis PI-PLC with small unilamellar vesicles (SUVs). This enzyme and related, secreted bacterial PI-PLCs are important for bacterial virulence, and explicit measurements of their interactions with lipids could aid in inhibitor design. Bacterial PI-PLCs are also structurally homologous to the catalytic domain of mammalian PLC␦1 and thus provide a good model for assessing how interactions of this domain with membrane components could modulate enzyme activity. B. thuringiensis PI-PLC has a solvent-accessible active site inserted into a relatively rigid (␣␤)-barrel (11) . The enzyme exhibits higher specific activity toward small unilamellar vesicles (ϳ300 Å diameter) over larger vesicles with diameters of Ն1000 Å (12). For soluble substrates, the presence of phosphatidylcholine (PC) in micelles or vesicles activates the enzyme by decreasing the apparent K m and increasing k cat for both the phosphotransferase and phosphodiesterase steps (13) . PC activation of PI cleavage, the interfacial reaction, also occurs with vesicle assay systems (12) .
Our current model for kinetic activation of B. thuringiensis PI-PLC, based on the crystal structure of an interfacially impaired mutant protein (14) and extensive mutagenesis of surface residues (15) (16) (17) , is that specific binding to PC in the lipid membrane allows key loop residues to penetrate the interface, promoting an enzyme conformation (suggested to be a transient dimer (14, 17) ) with enhanced catalytic activity. However, in all PI vesicle assay systems examined, when the bulk PI is kept constant but the surface concentration decreases, PI-PLC specific activity decreases dramatically above X PC ϭ 0.50 (12, 18) . This surface dilution inhibition is often interpreted as the result of the substrate surface concentration decreasing below a twodimensional K m measured in mole fraction PI (X PI ) units (19, 20) . The affinity of the diluent (in this case PC) for the enzyme can also complicate a detailed interpretation of this kinetic effect. To truly understand this PI-PLC, where two discrete phospholipids are critical for optimal catalysis, we need a molecular level description of surface dilution inhibition.
Our results clearly indicate a role for lipid dynamics in PI-PLC activation by PC at low X PC and reduced activity of PI-PLC at X PC Ͼ 0.5. Specifically, these experiments reveal the following. (i) A relatively small amount of activator PC in the anionic lipid membrane promotes PI-PLC binding to vesicles. (ii) The affinity of the protein for vesicles increases as the amount of PC is increased. Affinities for SUVs reach a maximum for very PCrich, but not pure PC, bilayers, indicating that both phospholipids contribute to tight vesicle binding (a synergistic effect between activator and active site binding of lipids). (iii) At moderate X PC , 0.1 Ͻ X PC Ͻ 0.5, the dynamics of both phospholipids are affected similarly, and the restricted, slower motions, which are more or less independent of X PC , parallel the high enzymatic activity. (iv) In the regime of tight binding to PC-rich bilayers, PC dynamics are preferentially slowed, suggesting that this activator lipid sequesters PI-PLC from the bulk of the substrate analogues, leading to significantly lower specific activity than would be expected. This latter observation provides a very specific interpretation of surface dilution inhibition as the result of tight binding of the protein to PC-rich regions that prevents its access to the bulk of the PI.
EXPERIMENTAL PROCEDURES
Vesicle Preparation and Sizing by Dynamic Light Scattering (DLS)-All lipid stock solutions (dioleoyl chains for all of the anionic phospholipids and 1-palmitoyl-2-oleoyl phosphatidylcholine as the PC species) in chloroform were purchased from Avanti Polar Lipids. The chloroform was removed under a stream of nitrogen gas, and the resultant film was lyophilized overnight. The lipid film was rehydrated with phosphate-buffered saline buffer, pH 7.3, for FCS experiments or 50 mM HEPES, pH 7.5, for enzyme assays and for 31 P NMR field cycling. Large unilamellar vesicles (LUVs) were prepared by multiple passages of the aqueous lipid solutions through polycarbonate membranes (100-nm pore diameter) using a miniextruder from Avanti. SUVs in phosphate-buffered saline, pH 7.3, were prepared by sonication (Branson Sonifier cell disrupter) of lipid mixtures for 30 min on ice. To introduce a fluorescent lipid into the SUVs, 1:20,000 mol fraction dipalmitoyl-lissamine-rhodamine phosphatidylethanolamine (Avanti) was added into the SUVs, and the mixture was sonicated for another 3 min. Under these conditions, a very small amount of fatty acid may be generated by hydrolysis of the phospholipids. However, no resonances for lyso-phospholipids were observed in a sample of PC/PI (1:1) treated in this fashion, indicating that the amount of lipid hydrolysis in this preparation was less than 0.5 mol %. Previous kinetic experiments have shown that small amounts of fatty acids do not affect enzyme specific activity (13) .
The SUVs had a narrow vesicle size distribution as assessed by dynamic light scattering (21) using a Protein Solutions DynaProdynamic light scattering instrument from Wyatt Technology (22) . The anion-rich SUVs were slightly smaller, with a narrower size distribution than PC-rich SUVs. All of the SUVs were used within 1 week of preparation.
PI-PLC-Recombinant B. thuringiensis PI-PLC was overexpressed in E. coli and purified as described previously (15) . Protein concentrations were assessed by both 280 nm absorption and Lowry assays. Samples for fc-P-NMR were prepared with 10 mM total (dioleoylphosphatidylmethanol (PMe) plus PC) phospholipid and 0.5 or 3 mg/ml PI-PLC (0.014 or 0.086 mM) in 50 mM HEPES, pH 7.5. EDTA (1 mM) was present to scavenge any paramagnetic ions in solution. Fluorescently labeled PI-PLC was prepared from the N168C mutant protein, constructed using the QuikChange methodology (Stratagene). The altered gene sequence was confirmed by DNA sequencing (Genewiz). N168C was fluorescently labeled using Alexa Fluor 488 C 5 maleimide (AF488 maleimide; Invitrogen), according to the manufacturer's protocol. AF488 does not bind to vesicles (7) , and this was confirmed by performing FCS experiments in the presence of free AF488 and SUVs. A labeling ratio of 100 Ϯ 10% was determined by comparing the absorption of the protein at 280 nm with that of the probe at 495 nm.
PI-PLC Activity toward SUVs-Specific activities of recombinant B. thuringiensis PI-PLC toward PI in SUVs with varying mole fractions of PC were measured by 31 P NMR spectroscopy (13, 23) . Each sample was in 50 mM HEPES, pH 7.5, with 1 mM EDTA and 0.1 mg/ml bovine serum albumin. In parallel to the fc-P-NMR studies, the total phospholipid concentration of the vesicles was 10 mM, with the mole fraction PC varying from 0.0 to 0.9. The amount of enzyme added, 0.2-5 g (corresponding to concentrations of 5.8 -144 nM), and the incubation time were chosen to allow less than 20% PI cleavage for each sample. Samples were incubated for fixed times at 28°C, and the reaction was quenched by adding 40 l of acetic acid to a 1-ml sample. Triton X-100 (100 l) was added to solubilize the phospholipids for analysis by 31 P NMR. In these assays, myoinositol 1,2-(cyclic)-phosphate was the only product, and the specific activity was calculated according to integration of the myoinositol 1,2-(cyclic)-phosphate resonance compared with an internal standard (protons were not decoupled in these experiments).
FCS Measurements-FCS experiments were performed using a previously described (24) home-built confocal setup based on an IX-70 inverted microscope (Olympus). Further details on the apparatus and data treatment are provided in the supplemental material.
FCS experiments were carried out at 22°C on 300-l samples in phosphate-buffered saline, pH 7.3, plus 1 mg/ml bovine serum albumin, to stabilize PI-PLC, in chambered coverglass wells (LabTek). Prior to use, the chambers were coated with 10 mg/ml bovine serum albumin and rinsed with phosphate-buffered saline buffer to prevent protein adhesion to the sides of the wells. For PI-PLC vesicle binding experiments, 3.5 nM labeled protein was titrated with unlabeled vesicles. The substrate, PI, was not used for FCS experiments, because PI cleavage by PI-PLC produces diacylglycerol, leading to vesicle fusion (25) . Thus, the anionic phospholipids PMe, PG, PA, or PS were used as substrate analogues. PG is a PI-PLC substrate and can be cleaved over a period of days by Ͼ1 mg/ml concentrations of PI-PLC (18, 26) . However, at the low protein concentrations used in the FCS experiments, no detectable hydrolysis of PG occurred.
The auto-and cross-correlation, G j,k (), were calculated from the time-dependent fluorescence intensities (27, 28) . To measure the average diffusion coefficient of the SUVs, FCS experiments were performed on SUVs containing a small amount (0.5 M) of rhodamine-labeled PC. Diffusion coefficients of free, AF488-labeled PI-PLC (D PI-PLC ) and labeled
In the presence of labeled PI-PLC and unlabeled lipid vesicles, FCS auto-and cross-correlations, G(), were analyzed using two-component, diffusion-only fits (5, 29),
where ͗N͘ is the time-averaged number of PI-PLC molecules in the observation volume, f is the fraction of PI-PLC bound to vesicles, and D,free and D,bound are the diffusion times for free and vesicle-bound PI-PLC, respectively. For 488-nm excitation, values of S (related to the observation volume) were between 6.8 and 8.
High Resolution 31 P Field Cycling-The 31 P field cycling spin lattice relaxation rate (R 1 ) experiments were made at 25°C on a Varian Unity plus 500 spectrometer using a standard 10-mm Varian probe in a custom-built device that moves the sample, sealed in a 10-mm tube, from the sample probe location to a higher position within, or just above, the magnet, where the magnetic field is between 0.06 and 11.7 T (8, 30). Spin lattice relaxation rates at each field strength were measured using 6 -8 programmed delay times and analysis of the data with an exponential function to extract R 1 ϭ 1/T 1 . Although the details of the R 1 measurement for SUVs and the analysis to obtain and model R 1 as a function of field have been described previously (8, 9) , a more detailed discussion of the methodology, data analysis, and associated assumptions is presented in the supplemental material.
The field dependence of the 31 P relaxation rates was analyzed in two discrete segments. R 1 from 0.06 up to 11.7 T was fit with contributions from three terms (8, 30) : (i) dipolar relaxation associated with a correlation time, c , typically in the 5-10 ns range and R c (0), the maximum relaxation rate for this correlation time, which is directly proportional to c and inversely
), where r P-H indicates the average distance between the phosphorus and its nearest proton neighbors; (ii) CSA relaxation associated with the same slow correlation time (from which we can extract S C 2 , an order parameter squared (8)); and (iii) CSA relaxation due to a faster motion (it is this term that dominates relaxation at high fields and is distinguished by a square law dependence). R 1 in the field range 0.06 -11.7 T is then the sum of these three terms,
where J() ϭ 2 c /(1 ϩ 2 c 2 ), and the field, H, is the magnetic field measured in tesla; the coefficient
In these expressions, ␥ represents the gyromag-netic ratio (for 1 H or 31 P), and and are the CSA interaction size and asymmetry for phospholipids (8) . The last term is for a faster motion and is not of interest in this work. A protein interacting with a given phospholipid would be expected to slow the motion associated with c as well as increase S C 2 . A second distinct increase in R 1 can be measured at very low fields (Ͻ0.03 T). The data in this low field regime are fit to a term added to R c (0) for dipolar relaxation with a submicrosecond correlation time, v , and a maximum extrapolated relaxation rate of R v (0) for this slower motion (9) .
The parameter v primarily reflects vesicle tumbling, although lateral diffusion also contributes to this value. For two phospholipids in the same vesicle, a change in v in the presence of protein can provide information on segregation of phospholipids (and faster lateral diffusion of one versus the other).
RESULTS AND DISCUSSION
PI-PLC Activity-The specific activity (mol min Ϫ1 mg Ϫ1 ) of PI-PLC toward PI-containing SUVs with a fixed enzyme and total lipid concentration (10 mM) and increasing mole fractions of the activator PC, X PC , was determined. To emphasize the initial activation and eventual inhibition, the PI-PLC relative activity (specific activity normalized to the value obtained for pure PI SUVs, 91.3 Ϯ 9.2 mol min Ϫ1 mg Ϫ1 ) is presented in Fig.  1 . Although there is considerable error when averaging different series of experiments with SUVs, the trends are always the same. As little as 0.10 X PC increases the enzyme activity toward PI 2-3-fold, and the activity is more or less constant from 0.10 to 0.50 X PC . The magnitude of this activation depends on the concentration of PI and on the PC species; for example, a 7-fold activation was reported previously using 0.2 mol fraction dimyristoylphosphatidylcholine (12) . Apparent K m values for pure PI SUVs (derived from treating the system as if it followed Michaelis-Menten kinetics) have been estimated as 3-5 mM (12), which might suggest that the large kinetic effect of PC is from enhanced protein binding (12, 26) .
Further increases in X PC lead to a drop in PI-PLC-specific activity toward PI. In this case, the total phospholipid is kept constant, whereas the total and surface concentration of PI are decreased. Operationally, one can extract an interfacial "X m " that represents the mole fraction of substrate in the interface needed for 50% of the maximum activity (analogous to a twodimensional K m for substrate). For B. thuringiensis PI-PLC, such an X m is ϳ0.3 mol fraction PI (X PI ϭ 1 Ϫ X PC ). A wide variety of factors, including overall decreased vesicle binding, binding of nonsubstrate lipid in the active site, and/or altered lipid dynamics that make the substrate less accessible to bound protein, could decrease the specific activity as X PC is raised while the total lipid concentration is fixed. To understand such kinetic effects, we need a separate analysis of bulk PI-PLC partitioning to vesicles with different compositions as well as insight into how the dynamics of each of the two lipids are affected when PI-PLC binds to the different interface compositions.
PI-PLC Binding to Binary Component SUVs-Changes in bulk binding of PI-PLC to SUVs can be assessed by FCS as long as a fluorescent probe attached to the protein does not alter the binding or enzyme activity. B. thuringiensis PI-PLC was labeled with AF488 maleimide at a single Cys residue introduced at Asn 168 (N168C). Asn 168 is on an exterior helix of B. thuringiensis PI-PLC, far from both the proposed protein dimerization interface (14) and the proposed lipid interface (11) . N168C labeled with AF488 had a PI cleavage rate of 1600 Ϯ 160 mol min Ϫ1 mg Ϫ1 at 28°C toward 8 mM PI dispersed in 32 mM diC 7 PC micelles, the same value as for wild-type PI-PLC assayed under the same conditions. Large unilamellar vesicles (typically Ն1000 Å in diameter) have generally been used for FCS studies of peptide or protein association with vesicles due to their higher thermodynamic stability and relatively uniform size (6, 7), although SUVs have occasionally been used (6, 29) . The B. thuringiensis PI-PLC preferentially binds to small vesicles of PC (31) , necessitating the use of SUVs for these binding experiments. SUVs composed of different ratios of PC to PMe or other anionic phospholipids, prepared by sonication, exhibited a narrow distribution of vesicle sizes as measured by DLS ( Table 1 ). The average massweighted radius of the SUVs was 14.9 Ϯ 2.7 nm, with 85 or more weight % of the lipids in vesicles with radii between 10 and 20 nm for all compositions.
For FCS binding experiments, 3.5 nM fluorescently labeled N168C PI-PLC was titrated with unlabeled SUVs. PI-PLC binding to SUVs shifted the correlation curves to longer times ( Fig.  2A) . The fraction of PI-PLC bound to the vesicles, f, was determined from two-component fits to the cross-correlations using the diffusion coefficients determined for Rho-labeled SUVs as well as for free PI-PLC. An example of how f varies with total phospholipid concentration at two fixed X PC values is shown in Fig. 2B . A single PI-PLC binding site may be formed by multiple lipids, and the apparent dissociation constant K d , representing the partitioning of the enzyme to the vesicle surface, as well as the coefficient, n, used to account for a sigmoidal binding profile, were determined using Equation 4,
where [PL] is the total phospholipid concentration, not the total vesicle concentration. For pure PC SUVs, the binding curve appears hyperbolic (n ϭ 1). The reported preference of B. thuringiensis PI-PLC for interacting with smaller, more curved vesicles (31) was confirmed by examining how the enzyme partitioned to PC LUVs (Fig. 2C) . The K d of PI-PLC binding to these LUVs was 60-fold higher than that for PC SUVs. The average radius for the population of LUVs to which the enzyme bound was determined using the The composition of the vesicles (i.e. X PC ) as well as the identity of the anionic phospholipid affects PI-PLC binding to SUVs. The binding of the enzyme to SUVs as a function of X PC was examined quantitatively using PMe, PG, PA, or PS as the anionic phospholipid. PG, PMe, and PA inhibit the enzyme competitively and serve as substrate analogues (32) . Although PA can potentially have a charge of Ϫ2, its pK a2 is sufficiently high (8.3 for pure PA SUVs and 7.8 in vesicles with PC/PA ϭ 4:1 (33)) that it is primarily a monoanion, as are the other anionic phospholipids examined. In these mixed vesicles, PS was the poorest PI-PLC binder, consistent with kinetic studies, where it is the weakest of the anionic phospholipid inhibitors (23, 32) , and the protein has the highest affinity for mixed PC/PG SUVs (Fig. 3A) . With the exception of PS, binding curves for all systems are sigmoidal for low X PC vesicles (Fig. 3B) . Although the average X PC is known, individual SUVs can have X PC values that are higher or lower than the average, and at low X PC , PI-PLC may bind more tightly to the small subpopulation of vesicles with higher PC content (the number of vesicles in this subpopulation would of course increase as the total concentration of vesicles increased). Alternatively, several PC lipids may be needed to form the initial PI-PLC binding site, and the probability that PI-PLC will encounter such a transient PC-rich region increases in a cooperative fashion as the number of SUVs increases at low X PC . Regardless of the detailed explanation for the sigmoidal appearance of the curves, it is obvious from our observations that a small amount of PC helps to anchor the enzyme to the mostly anionic phospholipid SUVs. For all of the anionic phospholipids mixed with PC, the apparent K d has a bowl-shaped dependence on X PC (Fig. 3A) . There is a more than 10-fold drop in K d for PG and PA at X PC ϭ 0.1, whereas PMe and PS show smaller, but still significant, decreases in K d . The value of K d continues to decrease and reaches a minimum at X PC ϭ 0.9 for all of the two-component vesicle systems. K d then increases (typically 5-20-fold) for X PC Ͼ 0.90. The observation of a minimum K d as a function of X PC demonstrates that both anionic phospholipid (substrate analogue) and PC help anchor the protein to these small vesicles. Clearly, the enzyme activity (Fig. 1) does not track bulk PI-PLC affinity for SUVs (Fig. 3A) . Although activity reaches a plateau between 0.1 and 0.5 X PC and then significantly decreases, the apparent K d continues to decrease until X PC ϭ 0.9. Although one can think about bulk and two-dimensional binding constants to describe enzyme binding to phospholipids in vesicles, neither way of quantifying binding can explain the kinetic behavior on a molecular level.
Effects of PI-PLC Binding on Lipid Dynamics-Using fc-P-NMR, we demonstrated that PI-PLC binding affects the dynamics of the phospholipid in pure PC (but not pure PMe) SUVs (8) . Here, we carry this observation further by studying the field dependence of the 31 P spin lattice relaxation rate, R 1 , for PI-PLC binding to mixed PC/PMe SUVs. Examples of R 1 field dependence profiles for each phospholipid in the very low field region (0 -0.05 T) and higher field region (0.07-11.74 T) are shown in Fig. 4 for two different X PC values. In the presence of PI-PLC, the field dependence above 0.07 T for PC (Fig. 4B) and PMe (Fig. 4D ) are similar at X PC ϭ 0.2 but noticeably different at X PC ϭ 0.8, where R c (0) is clearly larger for the PC component. The relaxation profile in the absence of PI-PLC is shown as a gray line in each panel in Fig. 4 . Without protein, c for the two phospholipids is the same, 5.6 Ϯ 0.5 ns, and does not vary significantly with X PC . Quantifying the changes induced by protein provides insight into how PI-PLC binding affects the dynamics of each phospholipid. The rise in relaxation rate, R 1 , below 1 T is caused by dipolar relaxation, principally through dipolar interactions with the glycerol C(3) protons (8) . As the field is increased above 1 T, relaxation due to CSA becomes important. As described in detail in the supplemental material, a model-free approach was used to fit the field-dependent profile for R 1 from 0.07 up to 11.7 T as a sum of dipolar and CSA terms associated with a slow, c (ns), and fast, h (ps), motion and to estimate R c (0), the maximum relaxation rate caused by c -associated motions. This c has been modeled by diffusive and wobbling motions of each phospholipid treated as a relatively rigid cylinder encompassing the phosphorus-glycerol-acyl chains in a hexadecane-like medium (10) . The addition of PI-PLC to pure PMe SUVs had very little effect on c and R c (0) (8) under conditions (10 mM PMe) where the FCS K d (3 Ϯ 1 mM) indicates that most of the protein is associated with the SUVs. Therefore, the average PMe molecular environment is not significantly perturbed, and interactions between the SUVs and PI-PLC are probably electrostatic and nonspecific. In contrast, when PI-PLC was added to pure PC vesicles, it significantly increased c (from 5 to ϳ13 ns) as well as increasing R c (0) 2-3-fold. The tight binding of PI-PLC to PC SUVs, as measured by FCS (Fig. 3A) , clearly involves significant retardation of PC motion in the ns range. An order parameter, S c 2 , extrapolated from the CSA portion of relaxation (8), is ϳ0.5 for both phospholipids in the absence of enzyme. For PC SUVs with PI-PLC bound, this parameter has a value greater than 1 (8) . Given uncertainties in several of the input parameters used to determine S c 2 (e.g. CSA interaction size and asymmetry), the absolute value of this order parameter may not be correct. However, for these two-component SUVs, changes in S c 2 serve as a convenient way to compare the effects of PI-PLC binding on lipid motions as a function of X PC .
For X PC between 0 (pure PMe) and 1 (pure PC), both phospholipids show changes in the field dependence of R 1 only when the PI-PLC is present. In these experiments, as in the activity assays, the total concentration of phospholipids was fixed at 10 mM, but the PI-PLC concentration was considerably higher (86 M), resulting in a lipid/PI-PLC ratio of 116:1. Centrifugation of samples through an Amicon Centricon-100 filter showed that about 20 -40% of the protein was associated with the SUVs under these conditions. This suggests that there is adequate enzyme to saturate all vesicle binding sites. Two X PC points, 0.1 and 0.65, used a lipid/PI-PLC ratio of ϳ700:1 with only minor effects on c and R c (0) compared with the higher protein concentration. All protein was bound to the vesicle at the end of the experiment, consistent with saturation of the vesicles with a total phospholipid/PI-PLC of ϳ400 -500.
For each X PC , analysis of the field dependence of R 1 from 0.06 to 11.7 T in the presence of PI-PLC was used to extract R c (0) and c for each of the two phospholipids in the SUVs. As shown in Fig. 5 , as little as 0.1 X PC increased R c (0) and c for PMe significantly, and both parameters were roughly constant from 0.1 to 0.5 X PC and similar to the values for PC in the same vesicle. The presence of PC in these mostly anionic phospholipid SUVs allows PI-PLC to bind, and as a consequence, the ns motion of both phospholipids is hindered, and c increases from 5 ns. (This is easily seen in Fig. 4 , B and D, where R 1 at ϳ0.1 T is significantly higher in the presence of PI-PLC than it is in the absence of protein (gray line).) These effects of PI-PLC are also reflected in the S C 2 values for PMe, which increase as soon as PC is added (Fig. 5C ). The PC resonance in the SUVs is broader than for PMe, so the field dependence of R 1 for PC at X PC ϭ 0.10 could not be obtained with any accuracy. Nonetheless, the fc-P-NMR data reveal that for X PC values of 0.5 or less, the phosphorus motions of both PMe and PC are similarly restricted with PI-PLC present. These effects of the protein on phospholipid dynamics could reflect chemical exchange between active site or activator site and bulk phospholipid or else a generalized change in membrane fluidity/viscosity as long as the protein is transiently anchored to the bilayer.
At X PC Ͼ 0.5, there is a switch in phospholipid behavior with PI-PLC, resulting in a significantly increased R c (0), c , and S c 2 for PC but not for PMe in the same SUV (Fig. 5) . For PC, the extracted value of S c 2 is greater than 1, a likely reflection of our not quite correct assumption that c is the same for CSA and dipolar terms (for a discussion of this, see the supplemental material). However, what is important is that S c 2 increases for PC but not for PMe as this lipid becomes the major component in these vesicles. Clearly, PI-PLC differentially hinders the PC motions at X PC Ͼ 0.5. The difference in parameters for the two phospholipids suggests that chemical exchange (between protein-bound and "free" in the bilayer) rather than bulk membrane fluidity is the major determinant of c for each phospholipid.
So what does PI-PLC actually do to PC in high X PC bilayers? One interpretation is that PC can now interact with the enzyme active site. The motion of the larger (compared with PMe) PC headgroup might be more restricted at this second binding site. However, the FCS results indicate that even at high X PC , PMe and PC behave synergistically when binding to PI-PLC. It has also been shown that PI-PLC bound to pure PC SUVs is activated toward the soluble substrate myoinositol 1,2-(cyclic)-phosphate (13) . Thus, the active site is unlikely to be occupied by PC acting as a competitive inhibitor. A different explanation for the observed fc-P-NMR effects is that there is a preferential interaction of PI-PLC with PC, resulting in lipid clustering.
The field dependence of the relaxation rate at very low (Ͻ0.06-T) fields provides hints that PI-PLC-induced partial separation of PC and PMe may occur at X PC Ͼ 0.5. From the low field rise in relaxation rate (Fig. 4 , A for PC and C for PMe), we can determine a correlation time, v , for each phospholipid, which in the absence of protein is related to the vesicle size and includes contributions from vesicle tumbling, lateral diffusion, and possibly other slower (100-ns) motions of the phospholipids (9) . For these sonicated vesicles, the average diameter, as measured by DLS, is relatively constant as X PC is increased from 0 to 0.8 (Table 1) . At low X PC , v is similar for both phospholipids (0.4 -0.5 s). This value is 2-3 times shorter than would be expected for overall rotation of SUVs (9), consistent with some contribution from lateral diffusion. However, as X PC increases above 0.5, v for PC increases slightly (from 0.51 Ϯ 0.03 s at X PC ϭ 0.5 to 0.62 Ϯ 0.06 s at X PC ϭ 0.8), whereas the value for PMe decreases to 0.25 Ϯ 0.07 s at the highest X PC where relaxation in the low field region was examined (Fig. 5D) . That v for PMe is reduced can be seen in Fig. 4C , where the curves for both X PC values have similar R v (0) values but the midpoint for this change occurs at a higher field for X PC ϭ 0.8, the hallmark of a shorter correlation time. For comparison, the analysis of the low field dependence of pure PMe SUVs (see Fig. S2 ) yields a v of 0.39 Ϯ 0.03 s. In the PC-rich SUVs with PI-PLC added, v for PMe is considerably less than that for PC, and the decrease in v for PMe as X PC increases is statistically significant. The decrease in v for bulk PMe indicates that the PMe lateral diffusion, unfettered by protein (and perhaps neighboring PC molecules), is now more effective at relaxing the residual magnetization of 31 P. This would occur if PC molecules sequester the protein from PMe, which now has a shorter path around the vesicle in areas devoid of PC/protein clusters.
PC Activation and Inhibition of PI-PLC, a Phospholipid-centric View-
The combination of FCS and fc-P-NMR provides new insights into the role of PC in B. thuringiensis PI-PLCcatalyzed PI cleavage. In moderate ionic strength buffers, PI-PLC has very weak affinity for SUVs containing only anionic lipids, in this case the substrate PI (or analogue, such as PMe), and relatively small amounts of PC serve to anchor the protein to the mixed component bilayers. The hallmark of that binding is that the rotational/wobbling motion of both substrate analogue (PMe) and activator (PC) molecules is similarly reduced for each phospholipid. However, tight binding does not necessarily correlate with higher enzyme activity. As the relative amount of PC, X PC , is increased above 0.5, specific activity decreases, and there is a change in the dynamics of PC bound to PI-PLC; in contrast, the affinity of the protein for SUVs (as measured by the apparent K d ) continues to increase up to 0.90 X PC .
In kinetic models for surface active enzymes (19, 20) , a decrease in activity with increasing mole fraction of diluent is often attributed to the reduction of the substrate surface concentration below a threshold two-dimensional K m . Our data reveal that decreased B. thuringiensis PI-PLC activity at high PC is correlated with changes in substrate (PI) and diluent (PC) lipid-protein interactions and lipid dynamics. Assuming that PMe is a reasonable stand-in for the substrate, at high X PC , PC dynamics, reflected in v , c , and S c 2 for the PMe/PC system, would be much slower than PI dynamics in the same vesicle. PI may still be bound at the active site even at high X PC , as reflected by the continued synergy between the two types of phospholipids in vesicle binding, but it would not be rapidly exchanging with the bulk PI pool. By analogy to the PMe/PC system, the tightly bound enzyme is clustered with PC and sequestered from much of the PI substrate in the bilayer. This sequestration probably inhibits PI-PLC diffusion around a given vesicle as well as release from one vesicle and binding to another for cleavage of more PI. We propose that the changes in proteinlipid interactions detected by fc-P-NMR generate the observed decrease in PI-PLC activity at high X PC , either in the kinetic experiment shown here, where total phospholipid is a constant and X PC is varied, or in the more usual surface dilution experiments, where PI is constant and X PC increases. Such behavior, differential interactions of an enzyme with substrate and diluent amphiphiles that affect substrate accessibility to enzyme as well as lipid dynamics in the bilayer, may also be responsible for the decreased activity seen in the high diluent regime for many other phospholipases. The combination of FCS and fc-P-NMR encompassing bulk binding and phospholipid dynamics can be easily generalized to other, less well studied phospholipases or other peripheral membrane proteins where specific phospholipids are thought to have differential binding effects on enzymes.
Biological Relevance of PI-PLC/PC Interactions-The effects of PI-PLC on this simple two-component bilayer provide insights into the biological role of this enzyme secreted by different Bacillus strains. B. thuringiensis is an insect pathogen, and earlier work showed that an avirulent mutant lacking both the broad range and PI-specific PLC was much less potent in killing cells (34) . In this insect model, wild type B. thuringiensis disappeared from the circulation hours after injection, while the mutant organism was still circulating. This suggested that one or both phospholipases contributed to the early stages of infection and association of the bacteria with insect and mammal cells, since B. thuringiensis is also an opportunistic human pathogen leading to pulmonary infections (35) . Membranedamaging factors, such as the PI-PLC, apparently allow the bacteria to persist in that environment.
More recent work with Bacillus anthracis has also provided evidence that B. anthracis PI-PLC, a secreted PI-PLC with high sequence similarity to B. thuringiensis PI-PLC, contributes to bacterial pathogenicity. The B. anthracis PI-PLC, like the enzyme from B. thuringiensis, can cleave GPI-anchored proteins in plasma membranes as well as intracellular PI, providing two potential roles for this enzyme in virulence. B. anthracis PI-PLC has also been shown to down-modulate the immune response, and this appears to involve its ability to cleave GPIanchored proteins (1) .
Access to GPI anchors on the external leaflet of a target cell would be facilitated by protein binding to PC (or sphingomyelin, also an activator). GPI anchors may exist in clustered domains (36) , indicating that PI-PLC cleavage of GPI anchors may occur at low X PC .
In B. anthracis, PI-PLC is one of three phospholipase C enzymes that contribute to macrophage-associated growth of the bacteria (37) . Along with aiding bacterial association with the macrophages, the three enzymes may have overlapping roles in pathogenesis by aiding in release from the phagocyte (38) . Since the interior leaflet of the phagocyte resembles the external leaflet of the plasma membrane, PC will be present for PI-PLC binding. Even if PI and GPI-anchored targets are not available, the strong interaction of this PI-PLC with PC in the membrane could cause clustering of the PC, making the phagocyte more susceptible to other membrane hydrolytic factors.
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Dynamic light scattering measurements:
SUVs composed of different ratios of PC/PMe (X PC ) were analyzed by dynamic light scattering to extract r DLS , the mass-weighted average radius of the vesicles. The data were obtained using a Protein Solutions DynaProdynamic light scattering instrument and analyzed with the Dynamics D5 software. Examples of distributions showing for pure PMe and pure PC vesicles are shown in Figure S1 . The anionic-rich SUVs were slightly smaller with a narrower size distribution than PC-rich SUVs. The average radius for each vesicle preparation was calculated according to R av. =Σ i ρ i (r)R i ,where ρ i (r) is the weight percentage of the corresponding radius (calculated from the Stokes-Einstein relation, r=k B T/6πηD, where D is the diffusion coefficient measured by light scattering, k B is Boltzmann's constant, T is the absolute temperature and η is the viscosity of the medium).
FIGURE S1. The mass-weighted size distribution (%wt) of single component PC (❍), PMe (•), and PG (Δ) SUVs (prepared by sonication) measured by dynamic light scattering. The radii were determined from the DLS data using the Stokes-Einstein relation.
The confocal FCS apparatus:
This setup is similar to that previously described for single pair Förster resonance energy transfer experiments . Briefly, the 488 nm line of an air-cooled argon-krypton laser (MellesGriot) was used to excite the sample, a 500drlp dichroic mirror (Chroma Technology) reflected the laser light into a water objective (Olympus, NA=1.2) mounted on an inverted microscope (IX-70, Olympus). The same dichroic passed the fluorescence emission, and any remaining scattered laser light was blocked by a 505lp filter (Chroma Technology). A 30 µm confocal pinhole (Thor Labs) in the conjugate image plane was used to define the observation volume and to block out of focus fluorescence. The fluorescence was collimated, split by a non-polarizing 50-50 beam splitter (Newport) and focused unto two avalanche photodiodes (APDs, SPCM-AQR-14, Perkin-Elmer). For AF488 labeled protein, HQ535/50 bandpass filters (Chroma Technology) before the focusing lenses blocked the Raman scattering. For rhodaminelabeled SUVs, the 520 nm laser line was used with a 535drlp dichroic mirror and HQ450lp longpass filter in the microscope, and the filters in front of the APDs were replaced by HQ645/75 bandpass filters (Chroma Technology). The photon counts from the APDs were collected by a 2-channel data acquisition card, and associated software was used to calculate and analyze the auto-and cross-correlations (ISS).
FCS -estimation of the diffusion constant D:
The auto and crosscorrelation, G j,k (τ), are calculated from the time dependent fluorescence intensities. I(t), according to Thompson, 1991) :
where I j (t) and I k (t) are the time dependent fluorescence signals detected in channels j and k respectively, < > indicates a time average, and j=k for the autocorrelations. 
where <N> is the time averaged number of molecules in the effective volume, D is the diffusion coefficient in µm 2 /sec, and S is the ratio of the axial to the radial dimension (S = z o /ωo). The diffusion time,τD,is given byτD= ω ο 2 /4D. The observation volume defined by S and ω o was characterized at the beginning and end of each day of experiments using the calibration dye rhodamine 110 or rodamine 6G with a reported diffusion coefficient of 280 µm 2 /sec for rhodamine at 22°C . For 488 nm excitation, values of S were between 6.8 and 8 and values ofω o ranged from 0.194 to 0.201 µm. The values of S and ω o determined from global fits of the dye data were used to fit the protein and/or SUV data.
Analysis of high resolution 31 P field cycling:
The analysis of the magnetic field dependence of R 1 described in 'Experimental Procedures' (breaking the relaxation into two distinct field regimes) is based on a more complete treatment of the relaxation behavior covering the entire field range (a detailed discussion, particularly on using Woessner theory and a Liparo-Szabo formalism can be found at www.pnas.org/cgi/content/full/0407565101/DC1). What follows presents the theory for the different relaxation terms and discusses key assumptions that allow us to use the simplified analysis to obtain key parameters describing phospholipid headgroup dynamics.
The field dependence of R 1 can be described with the following general expression:
where the function J(τ, ω) is 2τ/(1+ (ωτ) 2 ) and
The first terms R dv and R dc are from the phosphorus-proton nuclear dipolar interaction, predominantly with the nearest protons on the glycerol and polar side chain, with assumed correlation times τ v and τ c , on the order of 10 -6 and 10 -8 s, respectively. The longer correlation time, τ v , is due to overall rotational diffusion of the vesicle possibly combined with individual translational diffusion of a phospholipid about the vesicle surface (Roberts & Redfield, 2004b) , while τ c arises from internal motion within the phospholipid previously identified with diffusion-within a cone ("wobble") . The function D(ω H ; ω P , τ) is
and the parameters R v (0) and R d (0) are
where the order parameters S v 2 and S c 2 are the fractions for the noise power of the stochastically varying dipolar interactions with correlations times τ v and τ c respectively. K n is a product of known constants (Roberts & Redfield, 2004a) including the squares of the gyromagnetic ratios of the nuclear spins involved (here phosphorus and protons). The expression "r PH -6 " above is shorthand for Σ<r PH -3 ) 2 >, where r PH is the distance from the phosphorus to a particular proton, the < > denotes a time average, and Σ denotes a sum over all protons (in practice only the nearest ones). 
where K C is a product of known constants including effectively the square of the size of the CSA interaction, and S C 2 is the fraction of the CSA power spectrum with the same internal correlation time τ c mentioned earlier. The last term in Eq. 3 results from fast short range fluctuations with times scale τ h ~ 10 -11 s.
Our fitting procedure is simplified as follows, in ways that do not affect the important output parameters. (i) We use the same correlation time τ c and order parameter S C 2 in the second and third terms of Eq. 3 even though these terms arise from different vectors in the phospholipid. The τ c for the dipolar and CSA terms may differ, according to a simulation of pure dipalmitoylphosphatidylcholine vesicles, by a factor of 2-3 . (ii) Eq. 3 omits the dipolar fluctuations with the high-frequency correlation time τ h , and the CSA fluctuations with correlation time τ v , neither of which are possible to observe with our method. However, all the order parameters for each interaction (dipolar, and CSA) must add to one so that S v 2 + S c 2 will be less than one, though probably not small compared to one; and the factor (1-S C 2 ) in Eq. 5b should be replaced by a smaller number. (iii) The spectral density J(τ h , ω P ) in the last term of Eq. 3 is replaced by 2 τ h , because (ω P τ h ) 2 in its denominator is small compared to one.
While our fitting procedure may appear complex, in fact, much of what we use can be evaluated by eye directly from our data, without use of a computer. These will be illustrated with the field dependence for pure PMe SUVs ( Figure S2 ). (i) The parameters R v (0) and R c (0) are the maximum low frequency values of the two first (dipolar) terms of Eq. 3, and are easily estimated because the other (CSA) terms are negligible at the low fields (below ~2 T) where these dispersions are large. They can be evaluated directly because the correlation times involved are so different (~1 µs versus ~10 ns). R c (0) is close to the value of R 1 at around 0.1 T for our samples, and the sum of R v (0) and R c (0) is estimated by the limit of R 1 at zero field (in practice at ~0.003 T). The correlation time τ v is likewise fairly well estimated from the field at which R 1 is midway between R v (0) and R c (0), divided by the proton gyromagnetic ratio, because the function D (Eq. 4c) is approximately equal to 1/2 when ω H τ = 1 ( Figure S2A ). The internal correlation time τ c can likewise be estimated (less accurately because of the contribution from CSA) from the half point in field between where R 1 ~ R c (0) and where it becomes nearly independent of field, around 2 T. We can use changes in R c (0) to estimate changes in τ c according to Eq. 4d if S c 2 and r PH -6 are nearly constant. For comparison, the R 1 field dependence above 0.07 T is broken down into dipolar and CSA terms with τ c , as well as the CSA term for the faster motion characterized by τ h ( Figure S2B ).
Finally, the parameter S C 2 , as deduced from the field variation of CSA relaxation above about 5 T, has been found to be a useful indicator of internal dynamics for nucleic acids . It can be determined from the ratios of the last 2 terms of Eq. 3 because the dipolar terms are negligible at high fields. The correlation time τ h cannot be determined as easily, but it can be estimated from the size of the square-law variation of Eq. 5b, by iterative fitting of the high-field rates. FIGURE S2. Field dependence of the 31 P R 1 for PMe in pure PMe SUVs at 25 o C. For clarity, two magnetic field ranges are shown in the two panels with different field and relaxation rate scales: (A) low field region from 0 to 0.08 T; (B) region from 0.1 to 12 T. The upper x-axis shows the 1 H frequency scale for comparison. The lines represent best fits of (A) total dipolar R 1 = R dv + R dc , and (B) R dc + C L ω P 2 J(τ c , ω P ) + C H ω P 2 J(τ h , ω P ). Arrows indicate R(0) in each region as R 1 is extrapolated to zero field. Arrows on the upper 1 H frequency scale indicate how τ v and τ c can be visually estimated from the approximate halfpoint of the R 1 dispersion. In (B), the fitted relaxation contributions from the last three terms of Eq. 3 are shown, as a long-dashed curve for the second (dipolar) term, and a short dashed curve, and a dotted curve, for the two last (CSA) terms respectively.
